Studies of long-term potentiation (LTP) and long-term depression (LTD) strongly suggest that individual synapses can be bidirectionally modified. A central question is the biochemical mechanisms that make LTP and LTD persistent. Previous theoretical models have proposed that the autophosphorylation properties of CaMKII could underlie a bistable molecular switch that maintains LTP, and there is experimental support for this mechanism. In contrast, there has been comparatively little theoretical or experimental work regarding the mechanisms that maintain LTD. Several lines of evidence indicate that LTD is not simply a reversal of previous LTP but rather involves separate biochemical reactions. These findings indicate that a minimal model of the synapse must involve a tristable system. Here, we describe a phosphatase (PP2A) switch, which together with a kinase switch form a tristable system. PP2A can be activated by a Ca 2ϩ -dependent process but can also be phosphorylated and inactivated by CaMKII. When dephosphorylated, PP2A can dephosphorylate itself. We show that these properties can lead to a persistent increase in PP2A during LTD (as reported experimentally), thus forming a phosphatase switch. We show that the coupled PP2A and CaMKII switches lead to a tristable system in which the kinase activity is high in the LTP state; the PP2A activity is high in the LTD state, and neither activity is high in the basal state. Our results provide an explanation for the recent finding that inhibition of PP2A prevents LTD induction.
Introduction
Substantial progress has been made in understanding how synaptic activity produces bidirectional modifications of synaptic strength [long-term potentiation (LTP) and long-term depression (LTD)]. Single synapse analysis has shown that LTP and LTD occur at individual synapses (O'Connor et al., 2005; Petersen et al., 1998; Sobczyk and Svoboda, 2007) . It has been further shown that LTP and LTD are associated with an increase and decrease of spine volume, respectively (Zhou et al., 2001; Matsuzaki et al., 2004) . Thus, the biochemical machinery at individual synapses must be capable of at least three stable states.
A CaMKII switch has been strongly implicated in LTP. Activation of this kinase during LTP occurs by an autophosphorylation reaction at Thr286 of the ␣ subunit (Fukunaga et al., 1995; Barria et al., 1997) . Once this site becomes phosphorylated, the enzyme can phosphorylate itself even in the absence of Ca 2ϩ (Miller and Kennedy, 1986) . Theoretical models have shown that such autophosphorylation could sustain the autophosphorylated state; CaMKII could thus form a bistable switch (Lisman, 1985; Zhabotinsky, 2000; Lisman and Zhabotinsky, 2001; Miller et al., 2005) . Consistent with this, genetic deletion of Thr286 blocks LTP and memory (Giese et al., 1998 ). More recent work shows that interfering with CaMKII during the maintenance phase of LTP can reverse LTP (Sanhueza et al., 2007) . There is thus considerable evidence that CaMKII is critical for LTP, though other kinases may also have important roles (Pastalkova et al., 2006) .
Less progress has been made in understanding the maintenance of LTD. In one class of models (Lisman, 1989) , LTD is viewed as a reversal of LTP and occurs because CaMKII is dephosphorylated. However, while there is evidence that reversal of CaMKII occurs during depotentiation of experimentally induced LTP (Huang et al., 2001; Kang-Park et al., 2003) , it now seems clear that LTD is fundamentally different from depotentiation (Zhuo et al., 1999) . The first indication of this came from the finding that a phosphatase inhibitor reversed LTD when applied after LTD induction, but has no effect when applied under basal conditions (Mulkey et al., 1993) . These results suggest that LTD alters the balance of phosphatase and kinase activities in favor of the phosphatase. Direct biochemical assays of phosphatase activity indicate that LTD induces a transient activation of PP1 and a persistent activation of the PP2A (Thiels et al., 1998) . These reactions lead to changes in GluR phosphorylation (Lee et al., 2003) . Importantly, the dephosphorylation of Ser845 during LTD is not the opposite of the phosphorylation changes that occur during LTP, which involves the phosphorylation of a Ser831 by CaMKII (Lee et al., 2000) . Together, these results leave little doubt that LTD is not simply a reversal of LTP but rather involves a different set of reactions. We have therefore sought to understand how known properties of PP2A might lead to its persistent activation during LTD and, more generally, how a tristable biochemical system might be formed that could account for both LTP and LTD.
Materials and Methods
CaMKII switch. In the model, Ca 2ϩ influx through NMDAR activates both kinase (K) and protein phosphatase (P), which have different I C50 for Ca 2ϩ . The reaction scheme for CaMKII is described in Figure 1 A. K and pK are the unphosphorylated and phosphorylated forms, and the * indicates active enzyme. The kinase activity is turned on by phosphorylation, which is produced either by Ca 2ϩ stimulation or autocatalytic phosphorylation. The distinction between inter and intramolecular autocatalytic reactions is not considered here to simplify the problem. Phosphatase (PP2A) inactivates pK by dephosphorylation. Assuming that enzymes kinetics follows Michealis-Menten scheme, the rate equation is expressed as
where terms in the right-hand side are, in order, for autophosphorylation of kinase, dephosphorylation by phosphatase, basal kinase activity and Ca 2ϩ -dependent phosphorylation. k 1 , k 2 , k 3 and k 4 are rate constants for each reaction. K m1 , K m2 , and K m are equilibrium constants for kinase, phosphatase and Ca 2ϩ , respectively. In the last term, the Hill coefficient of 4 is adapted from considering 4 binding of Ca 2ϩ to activate CaMKII; calmodulin (CaM) has effectively two binding sites of Ca 2ϩ and two Ca 2ϩ /CaM are required to initiate phosphorylation of CaMKII (De Koninck and Schulman, 1998) . K 0 and P 0 indicate the basal concentration of active kinase and phosphatase, respectively. The resting Ca 2ϩ concentration is set to 0.1 M. The total amount of K and P are conserved:
Phosphatase switch. The reaction scheme for phosphatase is described in Figure 1 B (see Results, Background: experimental findings regarding PP2A control for the reactions assumed). pP is phosphorylated (inactive) form. The activity of phosphatase is turned on by dephosphorylation either from Ca 2ϩ -dependent reaction pathways or from autocatalytic intermolecular dephosphorylation. pK inactivates phosphatase by phosphorylation. Then, the rate equation is as follows:
where terms on the right-hand side indicate, in order, autodephosphorylation of phosphatase, phosphorylation by kinase (CaMKII or other constitutive kinases) and Ca 2ϩ -dependent dephosphorylation. k 11 , k 12 , k 13 and k 14 are rate constants for each reaction. K m11 and K m12 are equilibrium constants for kinase and phosphatase. The Hill coefficient of 3 in the last term in Equation 4 describes the Ca 2ϩ -dependence of the dephosphorylation of the phosphatase. This may occur by several different pathways. To the extent that calcineurin is involved, the Hill coefficient is 3 (Stemmer and Klee, 1994) . PP2A can also be activated via two Ca 2ϩ bound to the PP2A regulatory subunit, BЈЈ/PR72 (Ahn et al., 2007) , and, thus, the Hill coefficient is 2. Our simulations did not reveal strong differences depending on whether the Hill coefficient is 2 or 3.
AMPAR trafficking. We have taken a simplified view of AMPAR trafficking to provide a readout of the kinase and phosphatase switches. AMPAR is inserted to the synaptic membrane with the rate constant k 21 and removed with rate constant k 22 . The reaction scheme for AMPAR is described as follows:
Then the rate equation is
where A and A int indicate the AMPAR on the synaptic membrane and the internalized AMPAR. The total AMPAR is assumed to be conserved on the time scale of these simulations.
Since the activities of kinase and phosphatase are thought to be key players in the insertion and the removal of AMPAR, k 21 and k 22 are The kinase activity is turned on by Ca 2ϩ /calmodulin stimulation or autocatalytic phosphorylation. B, Biochemical reaction for phosphatase. The phosphatase activity is turned on by dephosphorylation, which is produced either by Ca 2ϩ stimulation or autocatalytic dephosphorylation. K and P indicate kinase and phosphatase respectively; pK and pP are the phosphorylated forms of enzymes; * indicates active enzyme. C, Simplified reaction scheme. Gray shading represents spine structure. Pointed and circled arrows indicate the activation and the inhibition pathways, respectively. Ca 2ϩ influx through NMDAR can activate CaMKII (K) and protein phosphatase (P) in a manner that depends on the concentration of Ca 2ϩ . CaMKII and phosphatase can self-activate themselves and inhibit each other. Active kinase and phosphatase control AMPAR insertion and removal, respectively. dependent on their activities. There is considerable biological complexity to this control involving multiple phosphorylation sites on GluR1 and stargazin (Barria et al., 1997; Tomita et al., 2005) ; as a first approximation, k 21 and k 22 are assumed to be proportional to the concentration of active kinase and phosphatase, respectively.
where c 1 and c 2 are scaling factors (or proportional constants), c 3 and c 4 are rate constants for the processes independent of kinase and phosphatase activities. We stipulate that the excitatory postsynaptic potential (EPSP) is proportional to the amount of AMPAR on the synaptic membrane. Parameters of the model are listed in supplemental Table S1 , available at www.jneurosci.org as supplemental material. One of the key requirements for tristability is the correct balance between autocatalytic activities and mutual inhibitions of enzymes. Maximal kinase and phosphatase activities had to be at the same general level; too weak or too strong mutual inhibitions abolished tristability (see supplemental materials, available at www.jneurosci.org). Parameters in Equations 1 and 2 were adjusted to balance each switch to achieve tristability. Other parameter values did not change the qualitative features of the system (i.e., tristability). Therefore, other parameter values were chosen to reproduce basic aspects of LTP and LTD and then used consistently for all calculations. The numerical simulations were done with the fourth-order RungeKutta method using Matlab (version 7.0, The MathWorks).
Results

Background: experimental findings regarding PP2A control
The key idea we wish to introduce is that biochemical properties of PP2A could allow this enzyme to form a phosphatase switch that could underlie the maintenance of LTD. In this section, we briefly review relevant biochemical evidence.
An important observation regarding the regulation of PP2A is that it has autocatalytic dephosphorylation properties analogous to the autocatalytic kinase activity of CaMKII. The first to report the intermolecular self-activating mechanism of PP2A, called autodephosphorylation, was (Chen et al., 1992) . The PP2A holoenzyme is composed of 3 subunits: the structural subunit (A), the regulatory subunit (B), and the catalytic subunit (C). Various combinations of A, B, and C subunits and multiple phosphorylation sites make it possible for PP2A to control multiple substrates in a finely tuned manner (Colbran, 2004) . Chen et al. (1992) witnessed that the limited phosphate incorporation onto Tyr307 of the catalytic subunit of PP2A by tyrosine kinase p60 v-src was maximized by the application of phosphatase inhibitor. They proposed that an autocatalytic activity of PP2A reverses the incorporation of phosphate by further showing thio-ATP (the phosphate thioester form is resistant to dephosphorylation) instead of ATP, gave rise to the maximal incorporation. Importantly, similar autodephosphorylation properties of PP2A were found at the Ser/Thr sites phosphorylated by CaMKII. Specifically, phosphorylation of B'␣ subunit, a regulatory B subunit of PP2A, can undergo autodesphosphorylation (Fukunaga et al., 2000) .
Two types of results demonstrate that interactions of PP2A and CaMKII lead to functional regulation of each other. The first is the ability of PP2A to dephosphorylate CaMKII (Fukunaga et al., 2000) . Dephosphorylation of CaMKII leads to a loss of its Ca 2ϩ -independent activity (Miller and Kennedy, 1986) . Most importantly, from the viewpoint of the switch model we will develop, CaMKII can phosphorylate and thereby inactivate PP2A (Fukunaga et al., 2000) .
LTD is initiated by Ca 2ϩ entry through NMDA channels and this entry is necessary for the activation of PP2A (Thiels et al., 1998) . Many potential enzymatic pathways may couple this Ca 2ϩ entry to PP2A. For instance, PP2A can be activated by Ca 2ϩ through striatin (Moreno et al., 2000; Benoist et al., 2006) and/or BЈЈ/PR72 (Ahn et al., 2007) . Striatin is a Ca 2ϩ /calmodulinbinding protein associated with dendritic spines and PSDs (Moreno et al., 2000; Benoist et al., 2006) . It physically binds to PP2A and regulates PP2A activity in a Ca 2ϩ /calmodulin dependent manner. BЈЈ/PR72 is a regulatory B subunit of PP2A which has Ca 2ϩ binding sites and is enriched in the striatum and hippocampus (Ahn et al., 2007) . Still another possibility is that Ca 2ϩ can activate PP2A via PKC-dependent pathways (Zhang et al., 2007) . Finally, it is possible that PP2A is activated when it is dephosphorylated by calcineurin (PP2B) or PP1. The latter is activated during LTD by a calcineurin-I1 pathway (Mulkey et al., 1994) . Given the lack of information that establishes the relative roles of these pathways, we have modeled a single Ca 2ϩ -dependent pathway for the activation of PP2A; this can be considered the lumped action of the known Ca 2ϩ -dependent pathways.
Although there has been consideration of the interplay of CaMKII and PP2A during LTP (Kikuchi et al., 2003) , the importance of these reactions in the maintenance of LTD has not been previously considered. In the next section we show that the autocatalytic properties of PP2A could form the basis of a phosphatase switch that underlies LTD maintenance and that is compatible with a kinase switch that underlies LTP.
Tristability of the synapse
CaMKII and PP2A have autocatalytic properties and inhibit each other. These key reactions are schematized in Figure 1C . Thus, the system is such that both kinase and phosphatase are driven by autocatalytic enzyme activities that provide positive feedback to their activation. However, there is also mutual inhibition that prevents strong simultaneous activation of both enzymes. As we will show through simulation, these reactions can yield three stable states.
Theoretical and experimental studies suggest that the intracellular Ca 2ϩ level determines whether LTP or LTD is induced (Lisman, 1989; Neveu and Zucker, 1996) ; a moderate level of Ca 2ϩ drives the system to the LTD state, whereas a high level drives the system to the LTP state. Following previous models and experimental data (Stemmer and Klee, 1994; De Koninck and Schulman, 1998; Lisman and Zhabotinsky, 2001; Miller et al., 2005) , we assume that initiation of CaMKII autophosphorylation requires a much higher Ca 2ϩ level than the initiation of phosphatase activation. As we will show, this leads to different states after different levels of Ca 2ϩ stimulation. The results of simulations of the model described in Materials and Methods are shown in Figure 2 . The LTP simulation results are illustrated as a black trace in Figure 2 A. Starting from the initial basal state, a high Ca 2ϩ pulse (4 M for 2 s; gray area) drove the EPSP magnitude to the potentiated state, which was sustained even after Ca 2ϩ removal. The change of phosphatase and kinase activities is shown in the left panel of Figure 2 B. Both enzymes were nearly inactive in the basal state. During high Ca 2ϩ elevation, the kinase became strongly activated. After the end of the induction period, Ca 2ϩ returned to basal levels, but the kinase stayed in the on-state. The high kinase activity suppressed phosphatase activity below baseline levels (Fig. 2 B, inset ; LTP graph), consistent with experimental results (Fukunaga et al., 2000) . Fig. 2 A (left) shows how the basal state is affected by moderate Ca 2ϩ elevation (2.2 M for 2 s); as shown in the red trace, LTD is induced. The right panel of Figure 2 B shows how enzyme activities are affected by LTD. Both enzymes were nearly inactive in the initial basal state. During the moderate Ca 2ϩ elevation, the phosphatase activity became dominant because it is more sensitive to Ca 2ϩ than the kinase. After Ca 2ϩ returned to the resting level, the phosphatase stayed in the on-state and suppressed the basal kinase activity (Fig. 2 B, inset, right panel) .
We next tested whether these three states are indeed stable. To be considered a stable state, it must be resistant to small perturbations. First, the basal state was tested. Different levels of Ca 2ϩ pulses (step size, 0.1 M for 2 s) were applied on top of the resting Ca 2ϩ concentration (0.1 M) and responses were plotted (Fig.  2C) . The basal state returned to its original state after termination of small Ca 2ϩ perturbations ranging from 0.1-0.5 M. To test the stability of LTP and LTD states, similar small perturbations were applied. Again, both LTP and LTD states returned to their original states at the end of the perturbations (data not shown). Together, these results demonstrate that the basal state can undergo LTP or LTD depending upon the Ca 2ϩ stimulation, and that each of the states is resistant to small perturbations. The system as whole is thus tristable. The results account for three experimental observations: the activation of CaMKII and inactivation of PP2A during LTP and the activation of PP2A during LTD (Fukunaga et al., 1993 (Fukunaga et al., , 2000 Thiels et al., 1998) .
To further characterize the transitions between states, we systematically varied the concentration of Ca 2ϩ pulses. For Ca 2ϩ concentrations between 0.1 and 0.5 M, the system stayed in basal state. In the range between 0.6 and 2.5 M, the basal state underwent LTD while it underwent LTP in the Ca 2ϩ concentration Ͼ3.0 M. Between 2.6 and 2.9 M of Ca 2ϩ , neither LTP nor LTD was inducible. Thus, a curve similar to the BCM curve (Bienenstock et al., 1982) is generated by plotting the final level of EPSP against Ca 2ϩ concentration (Fig. 2 D) . The reversal of LTP and LTD has been reported in experimental studies Huang et al., 2001) . The reverse of LTP and LTD is called depotentiation and dedepression, respectively. We tested whether such reversal could occur in our model. As shown in Figure 2 E 
Phase space analysis
To understand the dynamics of the model graphically, nullclines at different Ca 2ϩ concentrations (basal level, LTP induction and LTD induction) were plotted (Fig. 3 ). At resting Ca 2ϩ level, nullclines (Fig. 3, left panel) intersected at five points; three were stable points (filled circles at top left, bottom left and bottom right) and two were unstable (open circles). Small arrows indicate how the system moves to one of the stable points from any arbitrary point. In the basal state, the system was stable at the bottom left point. During LTP induction, the Ca 2ϩ elevation deformed the nullclines to create only one stable state. After Ca 2ϩ removal, nullclines formed three stable states again, but the system stayed in the bottom right stable point (LTP) (Fig. 3, top right panel) . During LTD induction, the moderate level of Ca 2ϩ elevation deformed nullclines to create one stable state. After Ca 2ϩ removal, nullclines formed three stable states again and the system moved to top left stable point (LTD) (Fig. 3, bottom right panel) . Phase space analysis for depotentiation and dedepression is described in supplemental materials, available at www. jneurosci.org as supplemental material.
Discussion
Although there has been substantial investigation of how a bistable kinase switch could account for a stable transition between the basal and LTP states, there has been relatively little experimental or theoretical work on the process that maintains LTD. The simulations presented show that biochemical mechanisms of PP2A, notably its autodephosphorylation properties, allow it to function as a bistable switch that could underlie LTD. We have further shown that the phosphatase and kinase switches can be coupled, giving rise to a tristable system. Transitions between states are triggered by moderate and high Ca 2ϩ elevations that occur during LTD and LTP respectively (Lisman, 1989; Neveu and Zucker, 1996) . Moreover, the model reproduces the BCM function (Bienenstock et al., 1982) .
The proposed mechanism of persistent phosphatase activation is based on the principle of autocatalysis, specifically autodephosphorylation, for which there is direct experimental support. Thus, during LTD, PP2A is largely dephosphorylated and active; any PP2A that is phosphorylated by basal CaMKII activity is rapidly dephosphorylated by the remaining unphosphorylated PP2A, thereby maintaining a stable LTD state. It can be seen that the underlying principle is similar to that of the CaMKII switch responsible for LTP in which any site dephosphorylated by basal phosphatase activity is rephosphorylated by the remaining phosphorylated CaMKII.
In an earlier model of bidirectional modification, a single storage variable, the phosphorylation of CaMKII, could be bidirectionally modified, thereby accounting for LTP and LTD (Lisman, 1989) . However, as reviewed in the Introduction, such a model does not account for the very different kinds of biochemical reactions observed during LTP and LTD. The current model can account for these observations because there are two interacting molecular switches, a kinase switch and a phosphatase switch. These switches are both stable and therefore can account for the maintenance of LTP and LTD. Other theoretical models have succeeded in describing how different levels of Ca 2ϩ trigger LTP or LTD, but have avoided the issue of how LTP and LTD are maintained, focusing only on the induction processes (Migliore et al., 1995; Castellani et al., 2001 Castellani et al., , 2005 Zhabotinsky et al., 2006) .
Limitations of the model
Several limitations of our model should be noted. Both LTP and LTD are synapse-specific modifications and it is therefore important to specify how the underlying biochemistry is localized to a particular synapse. In the case of the CaMKII, the localization of CaMKII in the PSD makes it likely that the CaMKII switch is actually localized in the PSD (Strack et al., 1997; Chen et al., 2005; Mullasseril et al., 2007) . PP2A is present both in the cytoplasm and the PSD, but the current model is not explicit regarding the localization. A second limitation stems from uncertainty about how Ca 2ϩ activates PP2A during LTD induction. The calcineurin-I1-PP1 cascade could lead to PP2A dephosphorylation and thus activation (see review in Results), genetic deletion of forms of calcineurin either has no effect on LTD (Zhuo et al., 1999) or produces only a partial block of LTD (Zeng et al., 2001) . Perhaps most likely is that multiple pathways are involved. As mentioned in Results, PP2A can be activated by Ca 2ϩ through striatin, a Ca 2ϩ /calmodulin-binding protein associated with dendritic spines and PSDs (Moreno et al., 2000; Benoist et al., 2006) and/or BЈЈ/PR72, a regulatory B subunit of PP2A which has Ca 2ϩ binding sites and is enriched in the striatum and hippocampus (Ahn et al., 2007) . Still another possibility is that Ca 2ϩ can activate PP2A via PKC-dependent pathways (Zhang et al., 2007) . There is also uncertainty about the targets of PP2A. LTD affects the balance of PKA and PP1 activities and thereby leads to a reduction of Ser845 on GluR1. How this might be controlled by PP2A activity remains unclear. We speculate that PP2A may dephosphorylate cofilin, thereby leading to a reduction of F-actin and the associated AKAP-PKA complex which alter the balance of PKA and PP1. A final limitation is that the proposed model is applicable only to early LTD because the protein synthesis required for late LTD (Sajikumar and Frey, 2003) is not taken into consideration.
Data accounted for and predictions
Our model suggests a mechanism for the persistent activation PP2A induced by LTD induction (Thiels et al., 1998) . No previous explanation of this persistence has been proposed. A critical prediction of our model is that PP2A activation should be necessary for LTD induction and maintenance. After finishing our simulations (Nicholls et al., 2008) reported that this is the case; specific inhibition of PP2A blocks NMDAR-dependent LTD without affecting LTP, depotentiation and mGluR LTD. Whether PP2A is also required for LTD maintenance (this is tested by inhibiting the enzyme after induction) has not been tested. Further experiments may test the role of autodephosphorylation, the reaction that provides the positive feedback that maintains PP2A activity. Mutant of this site to a pseudophosphorylated form this should block LTD; mutation to a nonphosphorylatable form should lock the synapse in the LTD state.
